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Field Sampling of Residual Aviation Gasoline

in Sandy Soil
bv David W. Ostendorf. Lowe/I E. Leach. Erich S. Hinlein, and Yuefeny A'/c

Abstract
Two complementary' field sampling methods tor the d e t e r m i n a t i o n of res idual av ia t ion gasol ine c o n t e n t in the

contaminated capillary f r inge of a fine, uniform, sandv soil were investigated. The f i rs t method f e a t u r e d f ie ld
extrus ion of core barrels into pint-s i /e Mason jars, w h i l e the second consisted of laboratory pa r t i t ion ing of i n t ac t
stainless steel core sleeves. The barrel extrusion procedure involved jar headspace sampl ing in a n i t rogen f i l l ed
glove box. which delineated the 0.7m thick residually contaminated interval for subsequent core sleeve withdrawal
from adjacent boreholes. Soil samples removed from the Mason jars I in the f i e l d ) and sleeve segments (in the
laboratory) were subjected to methylene chloride extraction and gas chromatographic analysis to compare t h e i r
aviation gasoline content. The barrel extrusion sampling method yie lded a vertical profile w i t h 0.10m resolu t ion
o v e r an essential ly continuous 5.0m interval from the ground surface to the water table. The sleeve segment a l t e r n a t i v e
yie lded a more resolved 0.03m vertical profile over a shorter 0.8m in te rva l through the capillary f r i n g e The two
methods delivered precise estimates of the vert ical ly in tegra ted mass of av i a t i on gasoline at a g iven hon/onul
location, and a consistent view of the vert ical profile as well . In the l a t t e r regard, a (Om th i ck lens ot maximum
contamina t ion was found in the center of the capillary f r i n g e , w h e r e moisture f i l l ed a l l voids smal le r ih.m the mean
pore si/e. The maximum peak was resolved by the core sleeve data , but was p a r t i a l l y obscured by the ba r re l ex t ru s ion
observations, so t ha t replicate barrels or a h a l f - p i n t Mason jar si/e should be considered for data suppor t ing v e r t i c a l
transport analyses in the absence of sleeve par t i t ions .

Introduction
Two complementary field sampling methods were

studied for the determination of residual aviation gaso-
line content in a 22-year-old spill at the U.S. Coast Guard
Air Station in Traverse City, Michigan. The observed
d i s t r ibu t ion of l igh t , separate phase hydrocarbons
(LNAPLS) in the capillary fringe bears upon the larger
problem of organic contamination of the subsurface
environment.

The study site was underlain by a fine, uniform,
sandy soil Imeaajjrein size of 3.8 x 10 4 m in the
capillary fringe). *aj&* water table depth in excess of
5.0m. The field aynptiog program was conducted on
June 21 and 22, 19K tt locations SOBS and 50BT as
shown in Figure 1. The site presented an ideal case of
residual non-aqueous phase liquid sampling for a num-
ber of reasons. The LNAPL resided above the shallow
water table, and could be easily identified by elevated
hydrocarbon vapor concentrations in the soil gas
(Kampbell et al. 1990). Secondly, the Air Station was a
U.S. Environmental Protection Agency research site, so
that the hydrogeology (Twenter et al. 1985) and contam-
ination (Ostendorf et al. 1989, Ostendorf 1990) were
well documented. In the latter regard, the separate-
phase aviation gasoline had migrated far downgradient
of the original spill location and was confined to a thin
(less than 1m thick) lens, distinguished by capillary ten-
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sion and subject to historical fluctuations of the water
table. Thus, an appreciable fraction of the residual con-
tamination could be recovered in a single core sleeve
from a moderately shallow depth if the contaminated
interval could be identified on an on-line basis. Finally,
the residual product had been sampled and analyzed
extensively, so that its composition, extraction protocol,
and chromatography were also well established (Vande-
grift and Kampbell 1988).

This paper describes a sampling technique designed
to complement the existing U.S. Environmental Protec-
tion Agency and I n s t i t u t e of Ground Water Research
core barrel extrusion protocol (Leach et al. 1988, Zapico
et al. 1987) used at this and other sites in the past. Intact
core sleeves were removed from adjacent (<2m distant)
boreholes and partitioned in the laboratory for compari-
son with the field-extruded samples. The barrels yielded
moderate vertical resolution (O. lm) but extended over
the entire depth of the unsaturated zone and could he
used in conjunction with an on-line headspace sampler
to effectively del ineate heavier zones of separate-phase
contamination. The intact core sleeves delivered a finer
(0.03m) vertical focus, but over a more l imited (0.8m)
interval. The chosen sleeve-sampled interval (as defined
by the headspace results) corresponded to the contami
nated capillary f r i n g e at the site

Core Barrel Extrusion
The e x i s t i n g separa te-phase s tudies a t the s i t e

employed conventional U.S. Environmenta l Protection
Agency and In s t i t u t e of Ground Water Research soil
sampling methodology. In summary. 0. !02m I D hollow-
stem augers were drilled to a prescribed depth and a
1.5m long. 0.0891m I.D. steam cleaned. Central Mine
Equ ipmen t Co. ( C M E ) th in -wa l l ed core barrel was per-
cussion or hydraul ical ly dr iven through the hollow-stem
auger center into the under ly ing undisturbed soil. The
augers were equipped with a clam-shell cap covering
the hollow stem to prevent its blockage by heaving soil.
The core barrel included a wireline piston to maintain
a vacuum above the 0.916m soil sample, along with a
pressure re l ie f ball valve in the drive head and a cut t ing
shoe f i t t e d w i t h a core re ta iner basket as indicated in
Figure 2 The barre l sampler was disassembled by
removing the d r ive head and piston. The core was then
h y d r a u l i c a l l v e x t r u d e d i n t o au toc laved . w i d e - m o u t h
Mason jars ins ide a (dry grade) n i t rogen- f i l l ed glove
box equipped wi th an ins to reduce si te air contami-
na t i on along the barrel A flat spatula was used to pack
the jars; t y p i c a l l y O.OK9m of barrel sample was fed i n t o
pint -s ize jars to dnaly/e soil in the immedia te v i c i n i t y
of the c a p i l l a r y f r i n g e . Quart-si /e Mason |ars were used
for regions beyond the f r i n g e , when- v e r t i c a l resolut ion
was not as cri t ical to the study: 0.204m of barrel ma te r i a l
was loaded i n t o the larger jars The Mason jars were
sealed w i t h bands and au toc laved lids as (hey were f i l led ,
and K i m w i p e s were used to clean the spatula between
jars

t h i s ex t rus ion protocol was augmented in this s tud \
by i n c o r p o r a t i n g o n - l i n e headspace sampl ing of the
Mason jar samples ["he g l o v e box was equipped w i ' . l .
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Flgure 2. Field sampling devices: < « > CME thin-walled core
barrel sampler (b) wireline piston; (cl core sleeve.

copper gas lines welded to a Mason jar lid inside the
box and attached to a portable gas meter outs ide , so
that the headspace of the extruded sample could be
analyzed. This procedure was run on- l ine w i t h a Bacha-
rach TLV combustible hydrocarbon meter, which was
accurate to 10 ppm and had a range of 10 to 10 , (XXI ppm
on three scale settings. The sample ja r was unscrewed
inside the glove box. at tached to the welded l id . and
headspace sampled by the meter. The maximum vapor
concentration was recorded to provide a rapid a n d q u a l i
tat ive measure of the degree of volatile hydrocarbon
contamination in the soil sample. The observed meter
readings varied from a background value of 10 ppm to
off-scale levels (>10 , (XX) ppm) associated with strong
residual contamination in ad jacen t soil. Typ'--!!!v. the
headspace analvsis for the n ine pint jars associated w i t h
a given core barrel could be run in WX>s. al lowing t i m e l v
feedback to the r ig crew on the placement of the n e x t
sampled i n t e r v a l .

Upon completion of the core barrel extrusion process.
the quart and pint jars were subsampled in the glove box
with a curved spatula rinsed w i t h methv lene ch lo r ide
between uses. Roughly 0.025 and 00! kg ol wcl soil wen--
placed into 2 • '.!' ' m ' v o l a t i l e organic analysis i ' V ( ) A i
bottles equipped wi th screw caps and Teflor.MaceJ s i l i -
cone closures for moisture and aviation gasoline de t e r -
mination. respectively1. The gasoline VOA bottle1- were
prelabeled and pretared with 5 • 1(1 ' m ' deiont/ed w a t e r
to disaggregate the soil and 3 > 10 " m' methylene chlo-
ride to dissolve the hydrocarbons. The field subsamphne
procedure was intended to stabilize the samples, thus mini
miz.ing evaporative losses and cross contamination dur ing
transport and storage. The VOA bottle-, were packet, in
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TABLE 1
Observed Moisture and Residual Aviation Gasoline Content
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ice until arrival at the University of Massachusetts Environ-
mental Engineering Laboratory in Amherst. Massa-
chusetts, where they were stored at 4 C in an explosion-
proof refrigerator.

Core Sleeve Partitioning
The 1.5m CME core barrel was modified to accept

a 0.90m long, 0.0763m I.D., 0.00318m thick stainless
steel intact core *to$ve, prescored on 0.03m intervals so
it could be i ••^Itypmpli |1 by a Rigid 0.05 to O. lm
adjustable pipe MgML"the CME barret was cut at mid-
section and fittttiPwRit a coupling for easy removal of
the core sleeve after sample collection. The sleeve con-
tained a wireline piston and a modified core basket
similar to the barrel components, and also included a
0.6m long steel bar used to maintain its relative position
in the barrel (Figure 2). The sleeve piston was 0.15m
long and featured four double neoprene seals separated
by brass bushings, and compressed against the inner
wall of the sleeve with eight alien screws in the bottom
of the piston. Once the compression was properly set.
a Teflon wiper disk and stainless steel plate were
screwed onto the end of the piston to protect the soil
sample from organics contained in the seals

After the piston sleeve sampler was assembled, it

was steam cleaned, acetone washed, and air dried before
deployment in the hollow-stem auger a n n u l u s . The
sampler was lowered inside the auger column w i t h cen-
ter rods while maintaining minimum tension on the wi r e -
line to preserve the position of the piston. When the
sleeve sampler contacted the clam-shell, the augers were
lifted with the rods held fixed, thus opening the clam-
shell and bringing the sleeve sampler to bear upon the
upper surface of the undisturbed soil interval. The wi re -
line was then pulled taut as the sleeve sampler was
percussion or hydraulically driven into the soil, so that
the piston was held stationary, creating a vacuum above
the soil sample and preventing its escape as the device
was lifted from the borehole. The core sleeves were
stored upright in ice-packed vertical coolers un t i l deliv-
ery to the explosion-proof refrigerator

The core sleeves were partitioned in a vertical jig at
the laboratory using the Rigid pipe cutter along their
scores, which were rinsed with methylene chloride
before separation. A methylene-chlonde-rinsed. wide,
flat spatula was slid through the completed cut. forming
a sample base in the uppermost sleeve segment. The
top end cap was removed and 0.025 and 0.010kg wet
soil samples were withdrawn with a disposable syringe
barrel and inserted into 2 x 10 ^ m' VOA bottles for
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moisture and aviation gasoline content determination
as was done for the extruded subsamples in the field.
The partitioned sleeve segment was removed with the
spatula after subsamples were taken and the end cap
was replaced while the next lower segment was cut. The
sleeve segment VOA bottles were stored at 4 C along-
side their barrel extruded counterparts, and both sets
of samples were extracted and analyzed identically from
this point on, using the protocol described in the Appen-
dix. Gravimetric and gas chromatographic analyses
resulted in moisture and residual aviation mass contents
[(M) and (T) respectively], as defined by:

mass moisture
M =

wet soil mass
( l a )

T =
mass aviation gasoline

wet soil mass

Headspace Sampling and Comparative
Method Precision

A single barrel extrusion and two adjacent (<2m
distant) core sleeve boreholes were used to characterize
location SOBS and 50BT (Figure 1). so that a total of
six boreholes were drilled at the site Headspace read-

ings over the Mason jar samples were used to identify
the contaminated soil region, as summarized by Table 1.
Table 2, and Figure 3 The open circles in the figure
denote the meter readings, which are seen to have
registered high (including some off-scale) values over a
fairly well-defined interval roughly 5.0m below the
ground surface. The meter readings approached their
maximum levels gradually with increasing depth
through the unsaturated zone, reflecting a vertical gradi-
ent and an upward diffusive transport of hydrocarbon
vapor concentration from the upper regions of the capil
lary fringe. The floor of separate phase contamination
in the saturated soil was much 9C/K sharply defined by
the headspace readings of £M|fe3. due presumably to
the buoyancy of LNAPLj&^Hbound water.

The open triangles in twflj^R represent the corre-
sponding residual aviitioirpBoline content in the
extruded Mason jar sample*.'A positive correlation
existed between the headspace concentration and the
residual aviation gasoline content, thus confirming the
utility of the Bacharach hydrocarbon meter as an on-
line indicator of vertical contamination. Indeed, the
headspace readings were used in the field (without the
benefit of the subsequently determined Mason jar extru-
sion data) to specify the intact core sleeve sampling
intervals. The raw data at the two locations for the latter

Heacsr

Figure 3. Barrel extruded residual a t i .
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Figure 3. Barrel extruded residual aviation gasoline data and combustible hydrocarbon meler readings for location* (al SOBS: and
I b l 541BT. Triangles and circles represent residual aviation gasoline mass content (T) and jar headspace concentrations, respectively.

TABLE 3
Observed Moisture and Residual Aviation Gasoline Content

I.I).

-
K . '•>

:o
; i . ; 2
13
14. 15

1. 16

17. 18

2. 19

20. 21
3. 22
23. 24
4. 25
26, 27
5. 28
29. 30

6. 31
32, 33
34

35. 36

Depth Interval

Inches

200.0-201.2
201.2-202.4
202.4-203.5
203.5-204.7

204.7-205.9
205.9-207.1
207.1-208.3
208.3-209.5

I 209.5-210.6
.210.6-211.8
211.8-213.0
213.0-214.2
214.2-215.4
215.4-216.5
216.5-217.7
217.7-218.9
218.9-220.1
220.1-221.3
221.3-222.4
222.4-225.0

Core Sleeve SOBS Profile I

Mid Interval

Depth i, m

5.10

5.13
5.16
5.19

5.22
5.25
5.28

5.31
5.34
5.37
5.40
543
5.46
5.49

5.52
5.55

5.58

561
5.64
5.69

VI
kg moisture
kg wet soil

0.033
O.IUO
0.032
0.029
0.035
0.032
0.036
0.032
0.038
0.036
0.055
0.068
0.103
0.117

0.130
0.132
0.116
0.119

0.118
0.136

T
kg avgas

kg wet soil

• . • O . I X X X H
- . O . I K X X H

O . I X X X 1 2
0 . ( X X ) 2 1 ( 4 3 ) *
O. IXX152
O. IXX)34(18)

( ) . I X X ) 4 9 ( 3 2 )
O . I X X M 6 ( 1 1 )

0.00033132)
O.IXX)64(34)
( U X X W 6 < 7 )

O.IXJ087U1)
0.00062(8)

0.00047(8)
0.00085(9)
0.00159(29)
0.00084(5)
0.00142(0)
0.00091
0.00354(19)

*fPriM.ision in percent.)
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method are summarized in Tables 3-6
Aviation gasoline sample replicate precision, defined

by:
replicate value-replicate mean

replicate mean

horizontal area may be simply compared by summation
of Tables 1-6 over the depth increments ( H )

precision = —- (2 )

is cited for the sleeve and barrel data in Tables 1-6. The
precision characterized the product uniformity in soil
samples taken from the same segment or jar and so
reflected sample variation across lateral scales of about
0 08m and respective vertical scales of 0.03m and 0.1 m.
Table 7 summarizes the resulting statistics for the two
sampling locations. The sleeve partitions were more pre-
cise than the barrels, with segment average precision
varying from 13 to 23 percent, while the barrel range
was 21 to 32 percent. The precision of the sleeve segment
replicates suggested a relatively uniform horizontal dis-
tribution of the separate-phase gasoline, in keeping with
the constancy of the capillary tension and resulting mois-
ture content at a given elevation. By the same token, a
strong vertical variation of tension and gasoline content
was expected, so that the coarser vertical sampling inter-
val of the jars gave rise to a decreased precision for the
sampling method This expectation was borne out by
the statistics of Table 7.

Estimates of the mass ( m ) of aviation gasoline per

mass aviation gasoline
m = 5

horizontal area

m = 2(pBTH)

(3a l

(3b )

with wet soil bulk density ( p B ) computed in accordance
with:

PB =
wet soil mass

( 4 a l
total volume

PB = Ps ( , 77 ) (Ps * 2*50 kg/m') ( 4 b i
\ 1 — M /

Ostendorf (1990) estimated the porosity (n) based on
earlier coring work at the site, and the solid gram dens i ty
(Ps) was appropriate for quart/ sands. The sleeve sea
ments and Mason jars yielded respectiv e mass es t imates
of 1.40 and 1.77 kg/m: at location 50BS and 3.7) and
2.82 kg/m: at 50BT. The replicate precision of 12 percent
and 14 percent for these estimates was excel lent , and
suggested that the continuous pmt-si/e Mason jar prof i le
resolution of O.lm was suff icient toaccura te lv de te rmine

TABLE 4
Observed Moisture and Residual Aviation

I.D.

i
8. 9

HI

11 , 12
13
14. 15
16

17. IS

1. 19

20. 21
"> ~O

23. 24

3. 25

26. 27

4. 2X

29. 30

5. 31

32. 33

6. 34

35. 36

Depth Interval

Inches

185.0-186.2

186.2- !S7 4

187.4-188.6

188.6-189.7

189.7-190.9

190.9-192.1

192.; -193.3
143.3-144 5

144. 5-145. 6

195.6-196.*

146.8-14*0

14h.l l - 144.2

194.2- 2 1 X 1 4

2 1 X 1 4 - 201 5

201 5-202 7

202 7-203 4

203.9-205.1

205.1-206.3
206.3-207.4

207.4-210.0

Core Sleeve SOBS Profile 2

Mid Interval

Depth z. m

4.72
4.75

4.78
4.81

4.H4

4.8"

4.90

4.43

4.9fi

4.44

502
5. 05

5. OS

5 . 1 :

5 .14

5. 17

5 .20

5.23
5.26

5.31

Gasoline Content

M
kg moisture
kg wet soil

0.027

0.032

0.036

0.05h
0.141

0.074

0.1)50
0.064

O.039

0.031

(1042
11.034

i i . i i5,s

I I . I 144

1 1 1 MO

0.048
0.1)57

0.062
0.072

0.07-

T
kg avgas

kg wet soil

< o . i x x x n
< 0 . ( X X X i l

• - o i x x x ) ;
O I X K X I l

0.1X1139

o . ( x x i i 6 ( 3 : r
1 1 1 x x x i i
O.I XX I28i 30 i

( i . ( K H i ' , l ( 3 h i

0 ( M K I 5 0 ( I S i

O . IXX}54 |2~ 1 ,

i H Km: 3i ; 2 1
H . l X K K i 5

; l I K K : 2 4 | s ,

0 . i « : K i 3 5 ( 3 i

H . I K ) I K \ 5 | 2 5 l
u . ! X ) c | - ! i " i

0 . ( K l K M ( 2 i
0 I X i 2 2 : ( 2 4 '.

0 . 1 X 1 1 1 2 ( 1 2 1

"(Precision in percent ,

1.1). Depth Inter'

Inches

14. 15

197 3 14V, -

19(v5 l l » 4 i

'.44 (v.20T

2lK. '>-202

202.0 203
203 2 2i M •

204.4 205
2( 1 . 5 . 5 - 2 ( V i '

206 7 2i |7 '

the v e r t i c a l l y , in tegra ted mass ot K
l ine at a g i v e n location

Vertical Profile Structure
The two f i e ld da ta bases w e r ^ i

l a rv f a s h i o n to assess the v e r l i c . i
1 N A P l and mois ture 1 . In the l . U K
suggest t h a t t h e a v i a t i o n gasoluu > . .
t h a n t h . w a t e r c o n t e n t in t h e so i l
s e p a r a t e - p h a s e p roduc t w . t> const
a n a l y s i s o! t he cohe ren t v e r t i c a l m
in both t h e e x t r u d e d a n d pa r t i ' . i .
m e t r i c i Jcure. ol w a t e r sa tu ra ' . i .
t h e capi ' .Urv t r i n g e

w i t h w a t e r J c n s i t v i j i ^ !

The w a t e r s a t u r a t i o n w a s ace
Ihe c u m u l a t i v e d e n s i t y , ...iction



_• s imply compared bv s u m m a t i o n
deplh increments ( H i :

1
asoline

rea

l 3 b i

sity ( P H ) computed in accordance

In -- 0367) l 4 a )

lp s = 2650 k g / m ' l ' 4 h >

imated the porosity i n ) based on
the site, and the solid gram densi ty
lor quart/ sands. The sleeve seg-

. vielded respective mass estimates
,r at location SOBS and 3.71 and
:ie replicate precision of 12 percent
lese estimates was excellent, and
i t i nuous pint-si/e Mason ]ar profi le

•fkient to accurately determine

ic Content

lure
soil

T
kg avgas

kg wet soil

< - O . I X X X ) l

< - 0 . l X X X I l

< 0 . ( X X X H

O. IXH39

I ) I X X ) 1 6 ( 3 1

0.00028(3(»

0.00011(36)

0.00050(18)
I ) . IXX)59(27)

0.00013(12)

0.(XXX)5

O.IXX)24(8)

0.00035(3)

0.00065(23)

0.00071(7)

0.00104(2)

0.00221(24)

TABI.K 5
Observed Moisture and Residual Aviation

I.I).

4

<

h
-

\ 4

. . 1

1 . 1 2
:

4. !.5

16

P. 18

19

20. 21
T ">

2.\ 24
1 •>

2h. 27
; ;K

29. 30
2. 3i
52. 33

Depth Interval

Inches

190.2-141.4

19 1.4-192 6

192.6--1937
143.7-194.9

144.4-196.1

196.1-197.3

197.3-198.5

198.5-199.6

199. 6-21X1.8

2(X).8-202.0

202.0-203.2

203.2-204.4

204.4-205.5

205.5-206.7

206.7-2 '7.9

207.9-209.1

209.1-210.3

210.3-211.4

211.4-212.6

2126-213.8

213.8-214.9

Core Sleeve 50BT Profile 1

Mid Interval

Depth i. m

4 .s.5

4 s,,S

4 4]

4.44

4 47

5 00

5 1)3

5.06

5.04

5 12

5 15

5.18

5 2 1

5.24
5 ^7

.5.30

5.35

5.36

5 54

5.42

5 4 5

Gasoline Content

VI
kg moisture
kg wet soil

; i l ) 5 r .

' 1.0.53

o.il44

I I 1144

H . 1 2 3
O . I N 5
l l l ) - 7

11.067

airs
0.109

0.092

0.096

0.136

1 1. 1 55
I I 1M

0 1M
M . 1 5 5

0.142

0.148

0.144

0.158

I
kg avgas

kg wet soil

• 1 1 X N H 14

aom-5
n . i H i l 5 8

I ) I K 1 1 . 54

0 IX Ml 6[ 2 1*

o i x i 2 4 n

' > < N ) 5 3 0 ( M

o . ( K 042
o. (K)820( l s )

Not Done

0. i .XH88(32)

0.1X13-4
0 i X I 5 9 h i 3 3 i

O I X X X I 2
! ) I X K X I 1

• O . I N X H I l

• l l . f X X X . ' l

O . ( X I 2 l ) 3 l 24 1

H . ( N X ) 4 < | 5 4 l

• O . l X H X l l

• . O . t X X X H

'1 Preeision m pereent t

the vertically integrated mass of residual aviation gaso-
line at a given location.

Vertical Profile Structure
The two field data bases were used in a complemen-

tary fashion to assess the vertical distribution of the
LNAPL and moisture. In the latter regard. Tables ',--6
suggest that the aviation gasoline content was far smaller
than the water content in the soil at Traverse City. The
separate-phase prodwt was consequently ignored in the
analysis of the cohermrtortical moisture profile evident
in both the extrudfifFfaftfpartitioned data. The (volu-
metric) degree of water saturation (Sw) then defined
the capillary fringe:

(Mualem 1976). described by the empirical d i s t r ibu t ion
of Van Genuchten 1.1980):

( IT , = 0.072 N ; m l i 6 b )

water volume

void volume

PB (M-T)
(pw = 1000 kg/nv )

(5al

(5b)

with water density (pw)-

The water saturation was accordingly construed as
the cumulative density function of the pore size (r)

w jith mean pore size ( r M ) . uniformity exponent (a) , and
depth (z) below the ground surface. The pore size, in
turn, was simply related to the capillary tension, which
was proportional to the vertical distance above the water
table. The water table depth (ZWT). gravi ta t ional
acceleration (g), and surface tension (CTT) appear in
Equation 6, with the latter parameter measured for con-
taminated site water in air by the drop-weight method
(Harkins and Brown 1919) in the laboratory.

The uniformity parameter, water table depth, and
mean pore size were calibrated at each location using
a nested Fibonacci search (Beveridge and Schechter
1970) to minimize the mean (8 ) and standard deviation
(a} of the error (8) defined by Benjamin and Cornell
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8. 9

10

1 2

13

14. 15
16

17. 18

14

20. 21
"1?

"* ~-i ~>4

1. 25

26. 27

2. 28
24 3(1

-;•

• -i ^ -•

4. 54

VS. 36

TABLE 6
Observed Moisture and Residual Aviation

Core Sleeve 50BT Profile I

Depth Interval Mid Interval

Inches Depth z, m

178.6-179.* 4.56

179.8-lSl.o 4.54

181.0-182.1 4.62

1S2.1-1S3.3 4.65

183.3 1845 4.68

184.5-185.7 4.71
185.7-186.9 4.74

186.4-188(1 4.77

188.0 1842 4.80

189 .2 -1904 4. S3
1904 < 9 i h 4.86

14] t% '.42 s 4 89

up. 8- i44 |. 4 92

144.0- 145 1 4 45

145.1 196."- 4 4 8

146. 3 - 1 9 7 5 5.01
H7.5- 14,s, - s.m

198. ~ 144.4 5.H7

144.4 21 i 1.0 5 .10

201 0-202 2 5.13

202 0-2n3 4 5 ;6

21)3 4-2U.5 4 5.20

Gasoline Content

M
kg moisture
kg wet soil

0.051

0.050

0.033

0.034

0.036

0.050

0.051

0.057

0.051

0.110

0.103

0.113

0.096

0.104

0.159

11.120

1 ) 1 2 7

0.158

0.123

1 1 . 1 2 1 1

H.12-
0.154

T
kg avgas

kg wet soil

0 . (XXX)8

< 0 . ( K X H ) 1

< O . . X K H i l

< ( l . ( X X X ) i

< ( ) ( X X H ! 1

O. lXXKVi

O . I X ) l ( X )

O . I X X ) I 6 l ( 2 4 i *

0.1X1165

0 . ( X l l 6 4 | h l

O . I K I 1 6 3

0 . ( X X W 2 ( 3 i

u . i x i i i r
O . I H ) 1 2 2 ( 1 i

0 ( K ) ; i 5 ' 2 5 l

1) 1X117(1 (30 !

O . I X I 2 2 5 | h i

O. IXI564I 2 I

I i i K W 4 h i ~ i

H.I 11 465 1 Hi

n .o i705 (M

0 i k i 5 3 5 ( 2 5 i

• i P i . v i s i o n n . p i " l t - r r

1 147||| as

0 N 1 f< I
J

,' I
11 ! !((V 1 1-1

I J

Residual

(J sample 's i i ' 7 b i '-D-

50BS Profi

50BS Profi
i c i

50BS Jars

50B I Profi

I h e d.ita b e i i i w the1 4m d e p t h w e r e used m the pore 50BT I ' rofi
si/e o p l i m i / a t i o n . since1 c a p i l l a r n v and no : i r . n l l r a ' . i o n 5 n H I J a r s
donim.i lcd t he mois u r e r e g i m e n e . i r t h e u a t c r t a b l e

TABLE 7
Aviation Gasoline Sample Precision

Number of Precision

Type Replicates "n

c ': S leeve

e 2 S l e e v e

Barre l

e 1 S l e e v e
e 2 S l e e v e

Bar re l

1 5 1 8

' 7 ] ,s

\ 5 2

25

12 15

."' - .

'lable ^ and Kiturc 4 summa: i /e the cal ibrat ion res
I he 3.^ Pe'rce'n! sMndjrd Je'viaiion inJiejteej nio

accuraev. re t lec t ive of errors assoe:aleJ wi th field s
pinii: o: a penoeli^allv varvir ' . i : v ^ a t e r table suh|ee
i n f i l t r a t i o n Ihe close correspondence ol the ealibr,
mean pore SIA.-S and uniformilie-s al the1 lu(i local
w a s encour. 11:1111: .IP.el a t t e s t e d to the homogeneitv nl
soil al I ravcrse ( i lv In th is regard, the n va lues c
pared la \orah:v w i t h Haverkamp and P.irlaime's I !l

•jram si/e rasee) e s t i m a t e < if 2 ;f- i ( ) s i cnd i *','. an J Ka

TABLE 8
Analysis of Moisture and Residual Aviation

Gasoline Contents

Location
'M
m

figure 4. Fitted Van Genuchlen I IWOl
(squares) water saturation (S M I data at I
sketched.

Figure 5. Ot>s*.-nfd aviation gasoline- satu
( a ) 5<IBS: ard (hi 5IIBI. (>>i'rlappinc sin-
also sketched.

he'.. '. 4911 i
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. 0 I H . U 1 1

O i X H H H

iWr>
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i l I M 1 I X I
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0.1X1163

O.IMH69I6)
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TABLE 7
tion Gasoline Sample Precision

Type

Number of Precision

Replicates %

Sleeve

Sleeve

Barrel

Barrel

18

TABLE 8
Hsture and Residual Aviation
asoline Contents

. rM ZM "

.̂..
" ^

v V a t e - H c f j r a t c- i v V : j t c - ' , ' > : 1 i . - :V •
Figure 4. Fitted Van Genucbten 11980) pore size distribution (curve*) through jar (triangles), profile 1 (circles), and profile 2
(squares) water saturation (S*) data at locations la) 50BS: and (b) 50BT. Elevation ( / M ) of mean pore size saturation is also
sketched.

a

Hfnre 5. Observed rrfctio* fttfMac saturation |S(,| for jar Hruint;leM. profile 1 (circles), and profile 2 (squares) data al locations
la) SOBS: and (b) SOBT. Oreriaypnig sleeve data are averaged, and appear as circles. Elevation (Zs , ) of mean pore size saturation is
abo sketched.

bell 1990).
Figure 5 displays the residual aviation gasoline sat-

u ra t ion |S(|) defined on a volumetric basis by:

V, =
volume gasoline

void volume

P(,n
Po = 707 kg/nv')

(8a)

|8b)

dis t r ibu t ion of product implied by barrel ex t ru s ion and
sleeve partition methods. Taken together, the jars and
segments defined an .", - r a i l residually con tamina ted
thickness of about 0.7m. wi th a (1.2m th ick embedded
lens of heavier contaminat ion . The lens of maximum
concentration occurred at the depth /.M through the
middle of the capillary f r inge, defined a n a l y t i c a l l y by
subs t i tu t ing rM for r in liquation 6b with the resul t

with aviat ion gasoline density ( P O ) (Ostendorf et al.
1989). It was reassuring to note a consistent vert ical

i r '- r M )
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and cited in Table 8. This elevation marked the satura-
tion of all pores smaller than the mean pore size, and
its status as the locus of peak pollution is displayed on
Figure 5.

Discussion
The recommended field sampling protocol for resid-

ual LNAPL contamination depends on the intended use
of the data. Core barrel extrusion into pint-size Mason
jars was re la t ively rapid, and is the method of choice
for vertically integrated data, with the headspace sam-
pling protocol included for on-line specification of maxi-
mum contamination intervals. The efficient determina-
tion of mass values facilitates sampling at numerous
horizontal locations for studies detai l ing the lateral
extent of separate-phase pollution

Vertically defined profiles for volatilization or disso-
lution model data bases should be obtained with the
complementary use of both sampling methods. The
intact core sleeves were labor-intensive in the field and
laboratory, and should be used judiciously for a verti-
cally resolved data base (0.0.3m intervals) at a few key
locations. Figure 5 implies that the barrel extrusion data
defined much of the vertical structure of the residual
aviation gasoline distribution as well, although the maxi-
mum contamination thickness of 0.2m approached the
method resolution of O. lm at Traverse City. Thus Ihe
details of peak concentration were somewhat obscured
by the pint-size jars, and the complementary use of the
core sleeves is well advised. In the absence of sleeve
partitions, ha l f -p in t Mason jar sizes should be con
sidered in zones of peak concentration, perhaps w^th
rep l ica te b a r r e l e x t r u d e d boreholes f o r v e r t i c a l l y
defined data bases. In this regard, half-pint Mason jars
retain about 0.05 m of the barrel and would accordingly
increase the resolution and precision of barrel extruded
data, where permitted by constraints of field sampling
and laboratory analytical loads.

The observed LNAPL mass content values, which
did no! exceed 0.02kg aviation gasoline/kg wet soil, were
well below res idual gasoline va lues of 0.03 to 0.05
attained in laboratory prepared columns wi th fine, uni-
form sand ( a t f ield moisture capacity) and automobile
gasoline (Hoag and Marley 19K6). I l was accordingly
suspected t h a t the fue l at Trav erse Ci ty existed p r imar i l y
as a discontinuous separate phase, a l though a d e f i n i t i v e
conclusion would require an und is tu rbed th in section
de t a i l i ng the microstructure of the producl d is t r ibut ion .
At the very least, the existence of f ie ld concentrat ions
far below laboratory column residuals for soil types s imi -
lar to t h a t at ' I raverse Ci ty suggests t ha i c a u t i o n be
exercised in the scale-up of t ransport coef f ic ien ts and
mass fluxes from ar t i f ic ia l ly con tamina ted soils to f ie ld
appl ica t ions

The coincidence of the i ndependen t ly determined
mean pore si/e- position w i l h the max imum lens of
LNAPL concentrat ion suggests tha t the residual avia-
tion gasoline d i s t r i b u t i o n may be predicted as a func t ion
of moisture conlenl on theoretical grounds. A modeling
effort is c u r r e n t l y underway to explore th i s corre la t ion
The gas chromatograms generated in accordance wr.l

the LNAPL analysis provided concentrations of individ-
ual aviation gasoline constituents, as discussed in the
Appendix. Future model studies of the vertical distr ibu-
tion of the separate-phase components are contem-
plated for the Traverse City data base as well, in an
attempt to assess the impact of solubility and vapor
pressure characteristics on the transport of LNAPI-
through the capillary fringe (Baehr 1987).

Summary and Conclusions
Two complementary field sampling methods for

determining the residual aviation gasoline content in
the contaminated capillary fringe of a f ine, uniform.
sandy soil were investigated. The first method featured
field extrusion of cored material (flpjlected with a barrel
sampler) into pint-size Mason jut, augmented by on-
line sampling of jar headspace v»pors in a nitrogen-
filled glove box. The combustible hydrocarbon meter
successfully delineated the res idual ly con tamina ted
interval (0.7m thick at a depth in excess of 5m) for
subsequent intact stainless steel core sleeve sampling.
which comprised the second field method. The sleeves
were partitioned under more controlled laboratory con-
ditions.

Both barrel and sleeve soil subsamples were sub
jected to methylene chloride extraction and gas chroma-
tography. an analysis yielding surprisingly precise est i -
mates of the vert ical ly integrated gasoline mass and the
maximum contamination location in the capillary fr inge
Integrated mass precisions of 12 percenl and 14 percent
were a t ta ined at the two sampling locations and. in the
la t ter regard, the locus of peak separate-phase pol lut ion
coincided closely w i t h the elevation where all pores
smaller than the mean pore -i/e were saturated This
lens of peak concentration was about 0.2m thick at both
locations, so that the sleeve resolution of 0 03m was
sufficient to resolve its vertical s tructure. The O. lm bar
rel resolution may have obscured some detai ls of the
maximum profile, so that replicate boreholes or h a l t -
pint sizes may be warranted for vertical transport model-
ing in the absence of companion sleeve data. A single-
borehole core extrusion w i t h pint-si/e jars was judged
adequate for d e p t h - i n t e g r a t e d , h o r i / o n l a l l v -. : i ryir . j ;
studies of overall plume trajectory.
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Appendix
Extraction, Chromatographic, and Gravimetric
Analyses

The sealed 2 x 1CT5 kg/m3 VOA bottles containing the
soil samples and pretared solutions were shaken in a Tyler
sieve shaker for 900s in the laboratory to further break
down the soil structure and dissolve the aviation gasoline
into the methylene chloride. About 2 x Iff* m3 of the
methylene chloride phase was then removed from the
VOA bottle by syringe and injected into a 0.15m long
Pasteur pipette fifladwkh reagent grade sodium sulfate to
strip dissolved water and parbculates out of the organic
solution, which pjgjjjl:fa>o 2 X Iff* m3 vials. The vials
were sealed wUf4Btfc£becd sbcone closures and screw
caps and refrigerated at 4 C until their analysis in the gas
chromatograph.

A volume of 10~* ra3 of the water-free, gasoline-rich,
methyicne chloride solution was withdrawn from the sam-
ple vial and injected into a Varian 3500 gas chromatograph
through a split/sptitless injector using a 10~* m3 Hamilton
Gastigbt syringe equipped with a 26-gauge bevel tip needle
and a plunger guide. A hot needle injection was adopted,
featuring about 3 x 10"9 m3 of preceding air and a 5s
exposure in the injector before syringe activation. The gas
chromatograph was equipped with a Hewlett Packard
HP-5 25m capillary column of 32 x 1CT* m I.D. fused silica.
The injector temperature was 325 C and a split ratio of

about 1:80 was employed with zero-grade nitrogen serving
as the carrier gas at a rate of 3.3 x 10~" rrr.'s. The oven
initial temperature of 33 C was held for 180 sec and then
increased at a rate of 0.167 C's for about 600s. sufficient
for the arrival of the slowest aviation gasoline constituent.
A flame iomzation detector at 300 C sensed the separated
constituents using an attenuation and range of 32 and 12.
The results were tabulated on a Spectra Physics Chromjet
integrator, then stored on an NEC Power Mate personal
computer.

A laboratory standard consisting of 10 primary avia-
tion gasoline constituents previously identified by the
U.S. Environmental Protection Agency was prepared
in accordance with the composition cited in Table 9
The 10 compounds accounted for more than 85 percent
of the weathered aviation gasoline mass at the site, with
retention times of less than 180s and saturated vapor
densities (PSAT) ranging from 0.05 to 0.65 kg/m3 in mag-
nitude. The identification of the compounds by their
elution order was confirmed by GC/MS analysis of pure
standards and comparison of electron impact mass spec-
tra. The Environmental Engineering Hewlett Packard
gas chromatograph (5890) mass spectrometer (5988A)
was used to this end.

A range (0.05 percent to 3 percent) of standard
solutions in methylene chloride was run to cover the
variation of sample strengths encountered in the ana-
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